Journal of Dental Sciences 19 (2024) 292—302

Journal of
Dental
Sciences

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.e-jds.com

Original Article

Mitochondrial reactive oxygen species M

promote mitochondrial damage in high

Check for
updates

glucose-induced dysfunction and apoptosis
of human dental pulp cells

Shuo Tao ®°, Ting Yang *°, Yue Yin *°, Qi Zhang *"*

@ Department of Endodontics, Stomatological Hospital and Dental School of Tongji University,

Shanghai, China

b Shanghai Engineering Research Centre of Tooth Restoration and Regeneration, Shanghai, China

Received 27 March 2023; Final revision received 10 April 2023

Available online 21 April 2023

KEYWORDS

Diabetes;

High glucose;

Dental pulp cell;

Mitochondrial
reactive oxygen
species;

Mitochondrial
dysfunction

Abstract Background/purpose: High glucose (HG)-induced aberrant proliferation, apoptosis
and odontoblastic differentiation of dental pulp cells (DPCs) have been implicated in the path-
ogenesis of impaired diabetic pulp healing; however, the underlying mechanism remains un-
clear. This study aimed to investigate the role of mitochondrial reactive oxygen species
(mtROS) and mitochondria in HG-induced dysfunction and apoptosis of DPCs.

Materials and methods: Human DPCs (hDPCs) were cultured in a low-glucose, high-glucose,
mannitol, and MitoTEMPO medium in vitro. Methylthiazol tetrazolium assay, Annexin V-FITC/
Pl staining and scratch-wound assay were used to analyze cell proliferation, apoptosis and
migration, respectively. Alkaline phosphatase staining and alizarin red S staining were used
to evaluate cell differentiation. DCF-DA staining, MitoSOX staining, MitoTracker Red staining,
JC-1 staining, and adenosine triphosphate (ATP) kit assay were performed to investigate total
ROS and mtROS generation, mitochondrial density, mitochondrial membrane potential (WMP),
and ATP synthesis, respectively. Quantitative PCR assay was performed to detect the mRNA
expression of mitochondrial biogenesis- and dynamics-related markers. Transmission electron
microscopy was used to observe the mitochondrial ultrastructure.

Results: HG augmented the production of total ROS and mtROS, and triggered mitochondrial
damage in hDPCs, as reflected by decreased mitochondrial density, depolarized MMP, reduced
ATP synthesis, altered mRNA expression of mitochondrial biogenesis- and dynamics-related
markers, and abnormal mitochondrial ultrastructure. Supplementation of MitoTEMPO allevi-
ated the mitochondrial damage and reversed the aberrant proliferation, apoptosis, migration
and odontoblastic differentiation of HG-stimulated hDPCs.
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Conclusion: HG triggers mitochondrial damage via augmenting mtROS generation, resulting in
the inhibited proliferation, migration, and odontoblastic differentiation of hDPCs and

enhanced their apoptosis.

© 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Diabetes mellitus (DM) is a group of metabolic disorders
characterized by hyperglycemia and is one of the most
common systemic diseases worldwide.” The International
Diabetes Federation has estimated 693 million people to
suffer from by 2045." In people with DM, a high level of
blood glucose causes structural changes and impairment in
self-repair ability in various tissues, resulting in the devel-
opment of disability-causing and life-threatening medical
complications, such as diabetic nephropathy, diabetic foot
ulcer, and diabetic cardiovascular diseases.? With the rapid
increase in DM incidence, endodontic research on DM-
associated pathologic modifications at the dental pulp
level is emerging.>~> Constricted pulp cavity and modifi-
cations in pulp components have been observed in diabetic
pulp tissues.>* Additionally, impaired reparative dentin
formation and poor wound healing have been reported
after direct pulp capping procedures in streptozotocin-
induced diabetic rats.> A few in vitro studies have shown
that dental pulp cells (DPCs) manifest aberrant prolifera-
tion, apoptosis, and odontoblastic differentiation in a high-
glucose environment.®” These findings suggest that
impairment in dentin bridge formation in diabetic pulp
tissues could be attributable to the dysfunction and
apoptosis of DPCs under high-glucose conditions; however,
the possible underlying mechanism remains unclear.
Available evidence has shown that the overproduction of
hyperglycemia-induced mitochondrial reactive oxygen
species (mtROS) is a unifying mechanism that regulates
abnormal cellular events through four major biochemical
pathways, namely, polyol pathway, advanced glycation end
products, protein kinase C isoforms, and hexosamine
pathway, in various diabetic tissues.®® Even though the
mitochondrial hormesis theory challenged this view, mtROS
remains the key regulator of the development of diabetic
complications.’® Mitochondria are the major source of
mtROS and also the principal target of mtROS."" Excessive
production of mtROS directly causes oxidative damage to
mitochondrial proteins and affects mitochondrial mem-
brane potential (MMP), adenosine triphosphate (ATP) pro-
duction, mitochondrial biogenesis, and mitochondrial
dynamics.'” Mitochondrial damage caused by mtROS
further amplify the initial oxidative stress through the so-
called ROS-induced ROS release, wherein they aggravate
each other and result in cell dysfunction and apoptosis. '
mtROS and mitochondria have recently been regarded as
critical modulators in endothelial cells, osteoblasts, and
periodontal ligament cells, and any disturbance in mito-
chondrial homeostasis caused by mtROS leads to endothe-
lial injury, abnormalities in bone metabolism, and
aggravated periodontitis in diabetic conditions.’'®
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However, the role of mtROS and mitochondria in high
glucose-induced DPC injuries remains unreported.

Therefore, this study aimed to investigated the role of
mtROS-mediated mitochondrial damage in the dysfunction
and apoptosis of DPCs under high-glucose conditions to
provide a theoretical basis and unravel potential thera-
peutic targets for the treatment of impaired pulp healing in
DM individuals.

Materials and methods
Cell isolation and culture

The procedure used for extracting human healthy dental
pulp was approved by the Institutional Review Board of
Tongji University (SL2018R5). After obtaining informed
consent, human DPCs (hDPCs) were harvested from healthy
permanent third molars of patients aged 18—25 years at
Affiliated Stomatology Hospital of Tongji University. The
hDPCs were cultured in 5.5 mM p-glucose Dulbecco’s Modi-
fied Eagle Medium (DMEM; Gibco, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS; Gibco), 100 U/mL
penicillin (Gibco), and 100 mg/mL streptomycin (Gibco).
The cells were divided into the control group (DMEM con-
taining 5.5 mM glucose), high-glucose (HG) group (DMEM
containing 30 mM glucose; Sangon Biotech, Shanghai,
China), mannitol (Man) group (osmotic control group; DMEM
containing 5.5 mM glucose and 24.5 mM Man; Sangon
Biotech), and MitoTEMPO (MT) group (DMEM containing
30 mM glucose and 1 mM MT; Sigma-Aldrich, St. Louis, MO,
USA).

Cell proliferation assay

The proliferation of hDPCs was assessed using methylthiazol
tetrazolium (MTT) assay on days 1, 3, 5, and 7 according to
the manufacturer’s protocols. Briefly, the hDPCs were
cocultured with MTT (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 °C for 4 h. Then MTT was reduced to for-
mazan crystals by adding dimethylsulfoxide (Thermo Fisher
Scientific). The absorbance was measured at 570 nm using a
microplate reader (Bio-Tek, Winooski, VT, USA).

Annexin V-FITC/PI staining

Cellular apoptosis was determined using the Annexin V-
FITC/PI double staining, and the cells were counted using a
flow cytometer (Beckman Coulter, Pasadena, CA, USA) as
previously reported.’” The dots in the upper left quadrant,
lower left quadrant, upper right quadrant, and lower right
quadrant indicate damaged cells (Annexin V-, PI+), viable
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Figure 1  Abnormal biological behaviors of hDPCs under high-glucose conditions. (A) Cell proliferation was measured by MTT assay
at 1, 3, 5 and 7 days. (B) Cell apoptosis was detected by Annexin V-FITC/PI staining. (C) The quantification analysis of the ratio of
apoptotic cells. (D) Cell migration was detected by scratch-wound assay at 0 and 24 h. The dot lines indicate the total area of the
wound site. Scar bar: 50 um. (E) The percentage of migrated area at 24 h after scratching the cells. (F) Cell differentiation was
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Excessive ROS and mtROS generation in hDPCs under high-glucose conditions. (A) The level of total ROS was evaluated

with the intensity of DCF-DA fluorescence. Right panel shows the quantification of the DCF-DA fluorescence intensity using flow
cytometry. (B) The mtROS generation was measured by the MitoSOX Red fluorescence. Scar bar: 25 um. Right panel shows the
quantification of the fluorescence intensity of MitoSOX Red. Data are presented as the mean + SD of three independent experi-
ments. **P < 0.01 compared to the control group. ‘P < 0.05, *P < 0.01 compared to the HG group.

cells (Annexin V-, PI-), cells in late apoptosis (Annexin V+,
Pl+), and cells in early apoptosis (Annexin V+, PI-),
respectively.

Scratch-wound assay

Cell migration was analyzed using scratch-wound assay as
described previously.'® Briefly, a 1000-mL rile pipette tip
was used to scratch a confluence cell monolayer to obtain a
"wound line.” Images of the wounds were captured at 0 and
24 h under an inverted microscope (Carl Zeiss, Jena,

Germany). The migrated area was analyzed using ImageJ
software (National Institute of Health, Bethesda, MD, USA).

Alkaline phosphatase staining and alizarin red S
staining

To induce odontoblastic differentiation, hDPCs were
cultured in the odontoblastic medium (OM) containing
50 mg/mL ascorbic acid (Sigma-Aldrich), 10 mmol/L B-
glycerophosphate (Sigma-Aldrich), and 100 nmol/L dexa-
methasone (Sigma-Aldrich) for 14 and 21 days. After

assessed by intracellular ALP staining. Scar bar: 200 um. Right panel shows the quantification of ALP staining density. (G) Cell
differentiation was evaluated by ARS staining. Scar bar: 5 mm. Right panel shows the quantification of ARS staining density. Data
are presented as the mean + SD of three independent experiments. **P < 0.01 compared to the control group. “P < 0.01 compared

to the HG group.
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Figure 3 High glucose triggered the mitochondrial damage by augmenting mtROS generation in hDPCs. (A) The density of
bioactive mitochondria was assessed by MitoTracker Red staining. Scar bar: 25 um. (B) The mitochondrial membrane potential
(MMP) was evaluated by JC-1 staining. Scar bar: 25 um. (C) The quantitation of bioactive mitochondrial density. (D) The
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incubation, cells were subjected to alkaline phosphatase
(ALP) staining (Beyotime, Shanghai, China) and alizarin red
S (ARS) staining (Sigma-Aldrich) according to manufac-
turer’s instructions, respectively. The ALP-positive areas
were analyzed under a phase-contrast microscope (Nikon
Eclipse 80i, Tokyo, Japan), and the ARS-positive areas were
analyzed under a stereoscopic microscope (Carl Zeiss). The
staining density was measured using ImageJ software (Na-
tional Institute of Health).

Evaluation of intracellular total ROS and mtROS
generation

The hDPCs were incubated with 2',7'-dichlorofluorescein
diacetate (DCF-DA, Sigma-Aldrich) fluorescent dye to
evaluate the intracellular total ROS level. The relative level
of fluorescence was quantified using flow cytometry
(Beckman Coulter). Additionally, the hDPCs were incubated
with the fluorescent probe MitoSOX Red (Invitrogen, Carls-
bad, CA, USA) to measure the mtROS level. The nuclei were
stained with Hoechst 33342 (Beyotime). MitoSOX Red fluo-
rescence was determined under a fluorescence microscope
(Carl Zeiss).

MitoTracker red staining

To determine the bioactive mitochondrial density, hDPCs
were incubated with the fluorescent probe MitoTracker Red
CMXRos (Invitrogen). The fluorescence was detected and
quantified under a fluorescence microscope.

Intracellular MMP analysis

The MMP was estimated using the JC-1 saining (Beyotime)
according to manufacturer’s instructions. The hDPCs were
incubated with the JC-1 dye at 37 °C. The red and green
fluorescence of the JC-1 dye was investigated under a
fluorescence microscope. Mitochondrial depolarization is
indicated by a decrease in the red/green fluorescence
ratio. Thus, the data for quantitative analysis was pre-
sented as the mean value of the red/green fluorescence
ratio.

Intracellular ATP detection

Intracellular ATP levels were detected using an ATP
detection kit (Beyotime) according to manufacturer’s pro-
tocols. The hDPCs were homogenized and sonicated in a
lysis buffer. Supernatants were obtained after centrifuga-
tion at 4 °C. The ATP content was quantified using a lumi-
nescence plate reader (Bio-Tek).

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qPCR)
analysis was performed to determine the mRNA expression
of mitochondrial biogenesis- and dynamics-related
markers. The hDPCs were homogenized with Trizol re-
agent (Invitrogen), and 1 mg of isolated mRNA was reverse-
transcribed with M-MLV Reverse Transcriptase (Promega,
Madison, WI, USA) according to manufacturer’s in-
structions. The primers used are listed in Appendix Table 1.
The human g-actin gene was used as an endogenous control
for each sample.

Transmission electron microscopy

The ultrastructure and mass of the mitochondria in hDPCs
were examined using transmission electron microscopy
(TEM). The hDPCs were fixed with 2.5% glutaraldehyde,
post-fixed with 1% OsO4, dehydrated with standard ethanol
series, embedded in epoxy resin, and then cut into 60-nm-
thick slides. After heavy metal staining with 2% uranium
acetate and 2.6% lead citrate, the slides were examined
using a transmission electron microscope (Hitachi, Tokyo,
Japan). The percentage of damaged mitochondria was
evaluated from three cells in three different visual fields on
one specimen, with three specimens in each group.

Statistical analysis

Experiment data were statistically tested by SPSS 21.0 and
GraphPad Prism 9.0. The results are presented as
mean =+ SD of three independent biological experiments.
Statistical comparisons among groups were conducted using
one-way or two-way ANOVA when applicable. The differ-
ence was considered statistically significant at P < 0.05
level.

Results

Abnormal biological behaviors of hDPCs under high-
glucose conditions

Cell proliferation was assessed using the MTT assay. As
shown in Fig. 1A, HG treatment significantly inhibited cell
proliferation on days 5 and 7 compared with the control
group, but no significant difference in cell proliferation
existed between the control and Man groups.

To analyze the apoptotic cell proportion, the Annexin V-
FITC/PI double-staining was performed. As shown in Fig. 1B
and C, the total apoptotic rate in the HG group was
significantly higher than that in the control and Man groups

quantitation of JC-1 red/green ratio. (E) The ATP synthesis was detected in hDPCs. (F) The mitochondrial biogenesis-related genes
expression of PGC-1a, TFAM, Nfr1 and Nrf2 were measured by qPCR analysis. (G) The mitochondrial dynamics-related genes
expression of OPA1, Drp1 and Fis1 were measured by qPCR analysis. (H) The mitochondrial ultrastructure was observed using TEM
analysis. The lower panel is the higher magnification view of the boxed region in the upper panel. Triangles indicate the healthy
mitochondria. Asterisks indicate the damaged mitochondria. Arrows indicate mitochondrial cristae disarrangement and ablation.
Scar bar: 10 pm in the upper panel and 5 um in the power panel. (I) The quantification of the percentage of damaged mitochondria
in hDPCs. Data are presented as the mean + SD of three independent experiments. *P < 0.05, **P < 0.01 compared to the control

group. P < 0.05, #P < 0.01 compared to the HG group.
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on day 7. The early apoptotic cell rate was higher in the HG
group than that in the control and Man groups, whereas no
significant difference in the late apoptotic cell rate existed
between the control and HG groups.

To detect the cell migration, the scratch-wound assay
was performed. Compared with the control and Man
groups, HG treatment significantly decreased the percent-
age of cell migration area at 24 h after scratching the cells
(Fig. 1D and E).

To evaluate the cell odontoblastic differentiation, the
ALP staining and ARS staining were performed on days 14
and 21, respectively. As shown in Fig. 1F and G, the density
of ALP staining and ARS staining were significantly
decreased by HG treatment.

Excessive ROS and mtROS generation in hDPCs
under high-glucose conditions

The intracellular total ROS level was determined based on
the intensity of the DCF-DA fluorescence after 7 days of
incubation. As shown in Fig. 2A, compared with the control
group, the HG group showed a significant increase in fluo-
rescence intensity. The mtROS levels was then evaluated by
incubating hDPCs with the fluorophore MitoSOX Red, a dye
that selectively targets mitochondria. As shown in Fig. 2B,
HG-treated hDPCs showed a significant increase in fluores-
cence intensity compared with the control group.

High glucose triggered the mitochondrial damage
by augmenting mtROS generation in hDPCs

To investigate the role of mtROS and mitochondrial damage
in the dysfunction and apoptosis of hDPCs under high-
glucose conditions, the recovery effect of MT on HG-
stimulated hDPC injuries was assessed after 7 days of in-
cubation; MT is a mitochondria-targeted ROS scavenger and
exerts a protective effect on the mitochondria.'” As shown
in Figs. S1A and B, additional treatment with MT eliminated
total ROS and mtROS generation in HG-stimulated hDPCs. As
shown in Fig. 3A and C, the bioactive mitochondrial density
in the HG group were significantly lower than that in the
control group. However, MT treatment significantly
increased the mitochondrial density under high-glucose
conditions. To evaluate the mitochondrial function, MMP
and ATP production were measured. As shown in Fig. 3B and
D, the JC-1 red/green fluorescence ratio significant
decreased after exposure to high glucose, indicating the
MMP depolarization. However, MT administration reversed
the HG-induced drop of MMP. A significant reduction in ATP
production was observed in the HG group compared with

that in the control group, but MT administration attenuated
HG-suppressed ATP production (Fig. 3E).

Mitochondria are dynamic organelles that continuously
undergo movement, fusion and division. Normal mitochon-
drial function is maintained through tightly regulated
mechanisms involving biogenesis, fusion and fission.?® We
then investigated whether there were alterations in mito-
chondrial biogenesis and fusion-fission dynamics in hDPCs
under high-glucose conditions. As shown in Fig. 3F, the mRNA
expression of mitochondrial biogenesis-related factors,
namely, PGC-1a, TFAM, Nrf1, and Nrf2, were downregulated
in the HG group compared with that in the control group. HG
treatment also led to a decline in the mRNA expression of the
pro-fusion factor OPA71 and an increase in the mRNA
expression of the pro-fission factors Drp1 and Fis1 (Fig. 3G).
As for the pro-fusion factors Mfn1 and Mfn2, the HG group
showed similar mRNA expression as that of the control group
(Fig. S2). Following MT treatment, the mRNA expression of
PGC-1a, TFAM, Nrf1, Nrf2, and OPA1 were upregulated, and
the mRNA expression of Drp1 and Fis1 were downregulated in
HG-cultured hDPCs (Fig. 3F and G).

The mitochondrial ultrastructure was further assessed
by TEM analysis. As shown in Fig. 3H, mitochondria in hDPCs
demonstrated indications of damage, including a swollen
appearance, cristae disarrangement and ablation, as well
as reduced electron density of the mitochondrial matrix
under high-glucose conditions. The statistical data revealed
that HG treatment amplified the percentage of damaged
mitochondria when compared with that in the control
group; however, MT administration recovered the HG-
induced damage to the mitochondrial ultrastructure in
hDPCs (Fig. 3I).

MT attenuated the dysfunction and apoptosis of
hDPCs under high-glucose conditions

Additional treatment with MT recovered the abnormal
biological behaviors of hDPCs under high-glucose condi-
tions. As shown in Fig. 4A, MT promoted the cell prolifer-
ation in HG-stimulated hDPCs. Decreased apoptosis (Fig. 4B
and C) and increased migration (Fig. 4D and E) were also
observed in hDPCs following MT treatment under high-
glucose conditions. Moreover, MT administration amelio-
rated the HG-suppressed odontoblastic differentiation of
hDPCs in the high-glucose environment (Fig. 4F and G).

Discussion

DM is a metabolic disease associated with dysfunction of
various tissues due to the high level of blood glucose.’
Owing to the rapid increase in the DM patient population,

Figure 4 MT attenuated the dysfunction and apoptosis of hDPCs under high-glucose conditions. (A) Cell proliferation was
measured by MTT assay at 1, 3, 5 and 7 days. (B) Cell apoptosis was detected by Annexin V-FITC/PI staining. (C) The quantification
analysis of the ratio of apoptotic cells. (D) Cell migration was detected by scratch-wound assay at 0 and 24 h. The dot lines indicate
the total area of the wound site. Scar bar: 50 um. (E) The percentage of migrated area at 24 h after scratching the cells. (F) Cell
differentiation was assessed by intracellular ALP staining. Scar bar: 200 um. Right panel shows the quantification of ALP staining
density. (G) Cell differentiation was evaluated by ARS staining. Scar bar: 5 mm. Right panel shows the quantification of ARS staining
density. Data are presented as the mean + SD of three independent experiments. **P < 0.01 compared to the control group.

P < 0.05, #P < 0.01 compared to the HG group.
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emerging research suggests that dental pulp tissue could be
affected by DM.>~° Deficient wound healing can occur after
direct pulp capping procedures in DM rats.> A few in vitro
studies have shown that high glucose suppresses prolifera-
tion and odontoblastic differentiation and enhances
apoptosis of DPCs, which may be a possible explanation for
the impaired diabetic pulp healing.®” However, the mo-
lecular mechanism underlying this phenomenon has not
been reported yet. Compromised wound healing in DM in-
volves a complex pleiotropic etiology, and the present
research pointed out the major events of wound healing as
a target of excessive mtROS generation according to the
mitochondrial superoxide theory proposed by Brownlee.?'
In recent years, mitochondrial dysfunction mediated by
mtROS overproduction has been regarded to have another,
but no less important, role in DM-induced oxidative stress
injuries and diabetic complications.?” Hu et al.'® suggested
that mitochondria are a key regulator of proliferation,
differentiation, and survival of osteoblasts that directly
affect the osteointegration of the titanium implant. Sun
et al."” proposed that mitochondrial dysfunction aggravates
periodontitis in DM rats. In this study, we for the first time
present in vitro evidence that mitochondrial damage
mediated by mtROS can contribute to HG-induced
dysfunction and apoptosis of hDPCs. Previously, only a
few in vitro studies have clarified the role of mitochondrial
dysfunction in DPC death induced by lipopolysaccharide or
oxidative stress.?> 2> Our findings may therefore provide
important clues regarding the pathogenesis of impaired
pulp healing in other pathological conditions including DM.

In accordance with previous reports,®’ HG treatment
significantly inhibited the proliferation and odontoblastic
differentiation and activated the apoptosis of hDPCs
in vitro in this study. Moreover, the migration of hDPCs
declined under high-glucose conditions, consistent with the
result of decreased migration of human dental pulp stem
cells (hDPSCs) derived from DM patients as reported by
Emel et al.?® Decreased proliferation and odontoblastic
differentiation of hDPSCs derived from DM patients were
also reported by Emel et al.?® However, a previous report
showed that the proliferation and osteogenic differentia-
tion of hDPSCs were not affected by high glucose (20 mM)
environment.?” This might be due to different concentra-
tions of glucose in the culture medium, since another
report showed that high glucose (25 mM) content could
affect the proliferation and differentiation potential of
hDPCs?® and the glucose concentration in HG group was
30 mM in our study. In line with such abnormalities in bio-
logical behaviors, mtROS generation significantly increased
as observed on direct mitochondrial superoxide staining in
hDPCs under high-glucose conditions. Previous studies have
revealed that mtROS overproduction could impair cellular
function and activate apoptosis, resulting in deficient
wound healing of tissues in DM.?° Mitochondria-targeted
antioxidants such as MT are effective in eliminating
mtROS and ameliorating oxidative stress-related diseases. "’
Thus, in the present study, MT treatment was applied to
verify the role of mtROS in HG-induced hDPC injuries. The
results of the recovery effect of MT demonstrated that
mtROS suppressed the proliferation, migration, and
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odontoblastic differentiation of hDPCs and enhanced their
apoptosis in the high-glucose environment.

Accumulating evidence has shown that mtROS induces
mitochondrial damage, which play an important role in the
pathogenesis of diabetic complications.?? In this study, our
findings revealed that HG treatment reduced the density of
bioactive mitochondria, damaged the mitochondrial ultra-
structure, depolarized MMP, diminished ATP production,
compromised mitochondrial biogenesis, and induced
imbalance in mitochondrial dynamics in hDPCs in vitro.
Moreover, these abnormal mitochondrial events were
regulated by mtROS and were closely associated with HG-
induced dysfunction and apoptosis of hDPCs. Enzymes of
the electronic transport chain (ETC), especially complex |
and Ill, are the primary source and main targets of ROS."" In
the present study, TEM analysis results revealed that the
mitochondria in HG-cultured hDPCs had cristae disar-
rangement and ablation, which provided structural evi-
dence for mtROS attack on the ETC. Based on this finding,
we inferred that the MMP depolarization and reduced ATP
synthesis may be attributable to the damaged structure of
the ETC caused by mtROS overproduction.

Excessive production of mtROS promotes oxidative
damage to mitochondrial biogenesis, which is essential for
maintaining homeostasis of the mitochondrial mass and
function.® In the present study, gene expression of major
biogenesis-related markers was evaluated including PGC-
1a, TFAM, Nrf1, and Nrf2. PGC-1a is the master regulator of
biogenesis. It activates its downstream targets Nrf1 and
Nrf2, leading to the expression of several mitochondrial
genes, including proteins that are required for mitochon-
drial DNA transcription and replication, namely TFAM.?' In
this study, mRNA expression of PGC-1«a, TFAM, Nrf1, Nrf2
was upregulated under high-glucose conditions, suggesting
compromised mitochondrial biogenesis. Similar to our
findings, some studies have explored the effect of hyper-
glycemia on the mitochondrial biogenesis pathway, wherein
mRNA expression of PGC-1a had decreased in Schwann
cells** and TFAM had decreased in keratinocytes.>* These
data may help provide potential targets to increase mito-
chondrial biogenesis and improve mitochondrial function in
impaired diabetic pulp healing.

Besides, oxidative attack by mtROS can lead to the
imbalance in mitochondrial dynamics including fusion and
fission, which are critical in shaping the mitochondrial
network and quality control.>* The key components of the
machinery mediating mitochondrial fusion belong to the
dynamin superfamily, including OPA1, Mfn1, and Mfn2.3 In
this study, high glucose downregulated the mRNA expres-
sion of OPA1, whereas no significant difference was
observed in Mfn1 and Mfn2 between the control and HG
group. The Mfn1 and Mfn2 are located on the mitochondrial
outer membrane and are required for outer membrane
fusion; and the inner membrane fusion is mediated by
OPA1.>® Thus, it could be inferred that HG treatment
affected the inner membrane fusion, not the outer mem-
brane fusion in hDPCs. The compromised inner membrane
fusion may be one of explanations for the damaged ultra-
structure of mitochondrial cristae. The central mediator of
mitochondrial fission is Drp1. This protein is recruited from
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a cytosolic pool onto mitochondrial surface when orches-
trating the mitochondrial fission.* Fis1 is located in the
outer membrane to recruit Drp1 in yeast, whereas the role
of Fis1 in Drp1 recruitment and mitochondrial fission in
mammals remains to be clarified.*® Our findings showed
that mRNA expression of Drp1 and Fis1 was upregulated in
the high-glucose environment, indicating increased mito-
chondrial fission. However, the role of Fis1 in this phe-
nomenon needs to be further elucidated.

The present study has a limitation. The in vitro high-
glucose condition does not fully reflect the conditions of
the dental pulp tissue in DM. In the present study, supple-
mentation of MT effectively improved the proliferation,
migration, and odontoblastic differentiation of hDPCs and
attenuated their apoptosis in vitro. A recent study sug-
gested that MT treatment could counteract doxorubicin-
induced osteoporosis in zebrafish.’” Another report
revealed that administration of MT could improve coronary
endothelial function and small conductance calcium-
activated potassium channel activity after cardioplegic
hypoxia/reoxygenation.>® Therefore, there is an necessity
for in vivo experiments to further investigate the potential
therapeutic effect of MT on impaired diabetic pulp healing.

In conclusion, this study demonstrated that high glucose
could trigger mitochondrial damage by augmenting mtROS
generation in hDPCs, involving a reduced density of bioactive
mitochondria, damage to the mitochondrial ultrastructure,
depolarization of MMP, and decline in ATP synthesis, all of

Appendix Table 1

which contribute to inhibited proliferation, migration, and
odontoblastic differentiation, and enhanced apoptosis.
Suppression of mtROS production as well as restoration of
mitochondrial dysfunction may represent therapeutic tar-
gets for impaired pulp healing in individuals with DM.
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Appendix

Primers used for quantitative real-time polymerase chain reaction analysis.

Genes Accession No. Primers (5’ - 3') (F: forward; R: reverse)
PGC-1a NM_013261.5 F: TCTGAGTCTGTATGGAGTGACA
R: GGCAATCCGTCTTCATCCAC
TFAM NM_003201.3 F: CTGCTTGGAAAACCAAAAAGACC
R: TCTTCAGCTTTTCCTGCGGT
Nrf1 NM_001293163.2 F: ACAGGGAGGTGAGATGACCA
R: GATCTGCCATAAAGAGGCCATT
Nrf2 NM_001313904.1 F: TAGATGAAGAGACAGGTTGCCC
R: CCGTCTAAATCAACAGGGGCT
OPA1 NM_130837.3 F: TTAGAAAGGGTCTGCTTGGTGA
R: TGACACCTTGCGCTTCTGTT
Mfnt NM_033540.3 F: GCCACATGTAGTTTATGTTTCCT
R: AGGCTTCAATGGCCTAGTGTT
Mfn2 NM_014874.4 F: GGAAGGTGAAGTCAGGACTGGT
R: GAAGAGCAGGGACATTGCGTT
Drp1 NM_001330380.1 F: TGACCCTGCTACATGGAAAAAC
R: CAGGCACCTTGGTCATTCCT
Fis1 NM_016068.3 F: CCAAGAGCACGCAGTTTGAG
R: ACGTAATCCCGCTGTTCCTC
B-actin NM_001101.5 F: CATGTACGTTGCTATCCAGGC
R: CTCCTTAATGTCACGCACGAT

PGC-1a, peroxisome proliferator-activated receptor-gamma co-activator-1alpha; TFAM, mitochondrial transcription factor A; Nrf1,
nuclear respiratory factor 1; Nrf2, nuclear respiratory factor 2; OPA1, optic atrophy 1; Mfn1, mitofusin 1; Mfn2, mitofusin 2; Drp1,

dynamin-related protein 1; Fis1, mitochondrial fission 1.
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